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Abstract 9 
Purpose: This paper focuses on tracing GHG emissions across the supply chain industries associated with 10 
the U.S. residential, commercial and industrial building stock and provides optimized GHG reduction 11 
policy plans for sustainable development. 12 
Design/Methodology/Approach: A two-step hierarchical approach is developed. Firstly, Economic Input 13 
Output-based Life Cycle Assessment (EIO-LCA) is utilized to quantify the GHG emissions associated with 14 
the U.S. residential, commercial and industrial building stock. Secondly, a mixed integer linear 15 
programming (MILP) based optimization framework is developed to identify the optimal GHG emissions’ 16 
reduction (%) for each industry across the supply chain network of the U.S. economy.  17 
Findings: The results indicated that “ready-mix concrete manufacturing”, “electric power generation, 18 
transmission and distribution” and “lighting fixture manufacturing” sectors were found to be the main 19 
culprits in the GHG emissions’ stock. Additionally, the majorly responsible industries in the supply chains 20 
of each building construction categories were also highlighted as the hot-spots in the supply chains with 21 
respect to the GHG emission reduction (%) requirements. 22 
Originality: Although the literature is abundant with works that address quantifying environmental impacts 23 
of building structures, environmental life cycle impact-based optimization methods are scarce. This paper 24 
successfully fills this gap by integrating EIO-LCA and MILP frameworks to identify the most pollutant 25 
industries in the supply chains of building structures. 26 
Practical Implications: The decision making in terms of construction-related expenses and energy use 27 
options have considerable impacts across the supply chains. Therefore, regulations and actions should be 28 
re-organized around the systematic understanding considering the principles of “circular economy” within 29 
the context of sustainable development. 30 
 31 
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1. Introduction 38 
1.1. Buildings and environmental sustainability nexus 39 
In the U.S,  building stock consumes a significant amount of energy, thus resulting in GHG emissions, since 40 
most of the energy is being provided by nonrenewable sources such as coal, natural gas, etc. (Teng and Wu, 41 
2014; Onat et al., 2014). According to the U.S. Green Building Council’s report, buildings account for 39% 42 
of CO2 emissions in the U.S. Projections of new building is in the range of 15 million units by 2015 43 
indicating that the building sector will continue to be a major contributor of  increasing global CO2 44 
emissions (USGBC, 2005). Moreover, residential and commercial buildings in the U.S are responsible for 45 
70% of electricity use. Therefore, research on sustainability-focused transformation of building systems is 46 
of importance for the overall sustainable development goals in the U.S. 47 
1.2. Importance of supply chain-linked understanding 48 
Carbon footprint assessment of buildings and related climate change issues have been addressed extensively 49 
in the literature with specific focuses on building construction (Lu et al., 2012; Mequignon et. al., 2013; 50 
Jiang and Tovey, 2010). While majority of the literature focuses on process, material, product related 51 
assessments and improvements, works that addressed the importance of supply chains are not plenty. In 52 
fact, supply chain impact is critical component while assessing carbon footprint from raw material through 53 
the final use perspective, so called the life cycle. In a recent work related to sustainability assessment of 54 
buildings, Onat et al. (2014) focused on tracing scope based carbon footprint impacts of U.S. building stock 55 
considering supply chain impacts plus building construction-related impacts. The results indicated that 56 
approximately one fifth of the total GHG emissions are associated with scope 1 (onsite, in other words 57 
direct emissions coming from building construction), whereas, the rest of the GHG emissions’ impact were 58 
attributed to the supply chain industries such as light fixture manufacturing, power generation, 59 
transportation etc. 60 
From a macroeconomic perspective, all of industrial, transportation, construction, agriculture sectors are 61 
interrelated; each plays a critical role in a national economy, which can also have a domino effect on the 62 
overall economic and environmental performance (Ivanova et al., 2007).  Table I illustrates a very broad 63 
aggregated technical coefficient (A) matrix of the U.S. economy for the year of 2003 (Miller and Blair, 64 
2009). In Figure 1, U.S. pairwise economic transaction relationships are illustrated with 7 x 7 industry by 65 
industry matrix. For instance, for producing $1 worth of economic goods and services in agriculture 66 
industry, $0.2008 economic activity needs to be created within agricultural industry, similarly $0.1247 67 
worth of economic activity is being trigged in manufacturing industry, etc. Such a holistic, macro-level 68 
framework successfully takes into account the role of economic transactions in a national economy, which 69 
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enables to trace economic impacts across the supply-chain industries. Furthermore, input-output-based life 70 
cycle assessment frameworks integrates the economic relationships with the environmental impact 71 
assessment (Egilmez et al., 2013), which will be explained in methods section. 72 
Table 1. Example A matrix for the U.S. Economy in 2003 (Miller & Blair 2009) 73 
 74 
 75 
The U.S. economy consists of over 400 industries where each industry hypothetically has over 400 supplier 76 
industries, which contributes to the downstream supply chains (Egilmez et al., 2013; 2014). In this regard, 77 
studying infrastructure systems without considering upstream suppliers might have misleading results, 78 
which can lead to long term policy making failures. For instance, in a National economy level sustainability 79 
assessment study, Onat et al. (2014) found out that certain supply chain industries such as “Electric Power 80 
Generation, Transmission, and Distribution”, “Cement Manufacturing”, “Oil and Gas Extraction”, “Truck 81 
Transportation”, “Iron and Steel Mills and Ferroalloy Manufacturing”, “Petroleum Refineries”, and “Lime 82 
and Gypsum Product Manufacturing” industries accounted for over 50% contributions to the total carbon 83 
footprint associated with building construction and its supply chain impacts. Therefore, implementing input 84 
output-based life cycle assessment models is of importance to account for the supply chain-linked impacts 85 
(e.g. raw material flows in Finland by Pinero et al. (2015); food consumption in Australia by Reynolds et 86 
al. (2015); environmental risk assessment by Chen et al. (2014); and comparison of process versus input 87 
output-based approaches by Weinzettel et al. (2014). Therefore, this paper addresses optimized carbon 88 
footprint reduction strategies for the U.S. building stock with an integrated approach that consists of 89 
Economic Input Output-based Life Cycle Assessment (EIO-LCA) and Mixed Integer Linear Programming 90 
(MILP). The rest of the paper is organized as follows; in section 2, literature related to optimization and 91 
carbon footprint policy making is presented. Section 3 introduces the integrated methodology that consists 92 
of life cycle assessment and the linear programming model. The results and discussion are provided in 93 
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section 4; and section 5 delineates the concluding remarks and limitations of the study along with the future 94 
research directions. 95 
2. Background 96 
2.1. Buildings and life cycle assessment 97 
Life cycle assessment (LCA) quantifies the environmental impacts of products from cradle-to-grave for 98 
various life cycle phases such as material extraction and processing, transportation, use, and end-of-life 99 
(Rebitzer et al., 2004; Curran, 2013). In literature, process-based LCA (P-LCA), economic input-output 100 
based LCA (EIO-LCA) and hybrid LCA (a combination of the P-LCA and EIO-LCA) are commonly used 101 
for environmental impact analysis of products or systems (Suh and Nakamura, 2007). The literature is 102 
abundant with the applications of P-LCA addressing environmental impacts of residential (Ardente et al., 103 
2011; Cuéllar-Franca and Azapagic, 2012) and commercial buildings (Junnila et al., 2006; Van Ooteghem 104 
and Xu 2012). However, these works omit the impacts that are occurring in the supply chains, which is also 105 
a critical component of life cycle assessment. Therefore, use of economic input-output-based life cycle 106 
assessment (EIO-LCA) models became important and various works employed input-output methods such 107 
as (Matthews et al., 2008; Egilmez and Park, 2014; Onat et al., 2014a, b; Egilmez et al., 2013; Egilmez et 108 
al.,2014; Kucukvar et al., 2015; Park et al.,2016;).  Among the applications of EIO-LCA on various 109 
problem domains, some studies focused on the U.S. construction sectors, (Hendrickson and Horvath, 2000), 110 
construction processes (Bilec et al., 2009; Sharrard et al., 2008), building retrofitting by (Cellura et al. 111 
2013a), and residential buildings (Cellura et al., 2014; Heinonen et al., 2011; Onat et al., 2014b). Moreover, 112 
Kucukvar and Tatari (2013) recently developed an input-output based triple-bottom-line model to quantify 113 
the environmental, economic and social implications of seven different U.S. construction sectors including 114 
residential, commercial, industrial buildings and heavy civil infrastructures. In another recent work, Onat 115 
el al. (2014) integrated the triple bottom line input-output analysis into the LCA framework. The results of 116 
these investigations indicate that indirect impacts of construction work and building sectors are highly 117 
dominant compared to onsite construction and in some cases account for more than 50% of the total 118 
environmental impacts. 119 
2.2. Analytical approaches for carbon reduction policy making 120 
An objective dimensionality reduction method presented by Čuček et al. (2014) was applied to different 121 
direct and total objectives including total footprints. The result shows that footprints were reduced from 122 
five to three when it applied to biomass energy supply chain. Furthermore, a study on carbon reduction 123 
strategies by Dong et al. (2014) using industrial symbiosis (IS) and urban symbiosis (US) by applying 124 
hybrid LCA model depicted that both symbioses offers an innovative option for carbon emission mitigation. 125 
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In another work, Fang et al. (2011) developed a multi-objective mixed integer linear programming 126 
formulation that takes into consideration the peak power load, energy consumption and its associated carbon 127 
footprint. Several programming formulations have been developed to analyze carbon footprint as well as 128 
managing surplus resources such as biomass and land use in a region; for example, Lam et. al (2010) 129 
proposed a Regional Energy Clustering (REC) algorithm for supply chain synthesis that was aimed at 130 
minimizing the system carbon footprint. Another study, Dong et al. (2014) addressed the carbon footprint 131 
of urban areas where they developed a Emission Sources Account (ESA) model in order to analyze and 132 
understand the nature of carbon emission in relation to human activity. Chang (2014) proposed a multi-133 
objective programming and linkage analysis approach to identify the key CO2 emission sectors and 134 
optimized production structure in order to reduce emission.   135 
All in all, GHG emissions in regards to building industry in U.S. is critical as the U.S. economy and 136 
population will continue to grow, which will result in a significant growth in building stock. Therefore, 137 
studying the U.S. building sectors in terms of GHG emissions reduction is critical for long term 138 
sustainability policy making, which is also in parallel with the climate act plan addressed by President 139 
Obama. This paper proposes an integrated EIO-LCA and Mixed Integer Linear Programming (MILP) 140 
approach to provide optimal carbon footprint reduction policies for the residential, commercial, and 141 
industrial buildings in the U.S.  142 
3. Materials and methods 143 
An integrated approach is implemented due to the need of combining the results of LCA with the proposed 144 
optimization model. In the first phase of the integrated methodology, EIO-LCA was utilized to trace the 145 
onsite and supply-chain linked carbon footprint and economic output of residential, commercial and 146 
industrial buildings’ construction and then the proposed policy programming model is used to find the most 147 
carbon emitting industries in the supply chains and assign the % carbon emission reduction policies 148 
individually for each industry. The integrated methodology is also depicted in figure 1. The steps of the 149 
methods, related formulations and data collection are given in the following sub-sections. 150 
 151 
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 152 
Figure 1. Hierarchical framework of the proposed methodology 3.1. Mathematical framework 153 
of EIO-LCA 154 
The EIO framework is employed to analyze the environmental impacts and economic outputs of the U.S. 155 
manufacturing sectors from a holistic perspective – a.k.a. supply chain linked perspective. The applications 156 
of EIO analysis cover various problem domains including infrastructure systems, energy technologies, 157 
industrial sectors, international trade, and household demand (Egilmez et al., 2013; Huang et al., 2009 ; 158 
Huppes et al., 2006; Kucukvar and Tatari, 2011; Weber and Matthews, 2007; Wiedmann et al., 2011). EIO-159 
LCA methodology considers the sector-level interdependencies and represents sectoral direct requirements, 160 
which are represented by the A matrix. This matrix includes the dollar value of inputs required from other 161 
sectors to produce one dollar of output. Hence, the total output of a sector in this economic model with a 162 
final demand of f can be written as (Joshi, 2000): 163 
x=[(I-A)-1]f                                                                                                                      (1) 164 
where x is the total industry output vector, I represents the diagonal identity matrix, and f refers to the final 165 
demand vector representing the change in a final demand of desired sector. Moreover, the bracketed term 166 
[(I-A)-1] represents the total requirement matrix, which is also known as the Leontief inverse (Leontief 167 
1970). After the EIO-LCA model has been established, the total environmental impacts (direct and indirect) 168 
can be calculated by multiplying the economic output of each industrial sector by the multiplier matrix. 169 
Then, a vector of total environmental outputs can be expressed as (Hendrickson et al., 2006): 170 
r=Edirx= Edir[(I-A)-1] f                  (2) 171 
Obtain make and 
use tables from 
U.S. national 
accounts
Analyze GHG 
emissions 
inventory using 
EIO- LCA
Identify  GHG 
reduction policy 
scenarios 
(64x3=192 
scenarios)
Build mixed 
integer linear 
programming 
model and solve 
192 scenarios
Determine the  
optimal GHG 
reduction 
policies and most 
critical industries 
in the supply 
chains
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where r is the total environmental outputs vector which represents overall sustainability impacts per unit of 172 
final demand, and Edir represents a diagonal matrix, which consists of the direct environmental impacts per 173 
dollar of output for each industrial sector. Each element of this diagonal matrix is simply calculated by 174 
dividing the total direct sectoral impact (e.g. water withdrawal, GHG emissions, energy use) with the total 175 
economic output of that sector. Also, the product of Edir and the bracketed term [(I-A)-1] is the multiplier 176 
matrix.  177 
3.2. Mathematical framework of optimization model 178 
Notation: 179 
Index: 180 
j: Sector 181 
Parameters: 182 
Pj: Profit multiplier for sector j 183 
Ij: Income multiplier for sector j 184 
Tj: Tax multiplier for sector j 185 
Mj: Import multiplier for sector j 186 
Gj: GHG emissions multiplier for sector j 187 
𝜀: GHG emissions reduction policy factor 188 
Decision Variable: 189 
Xj: Optimal economic output for sector j 190 
Objective Function: 191 
𝑀𝑎𝑥 𝑧 =  ∑(𝑃𝑗 ∗ 𝑋𝑗)
𝑛
𝐽=1
+ ∑(𝐼𝑗 ∗ 𝑋𝑗)
𝑛
𝐽=1
+ ∑(𝑇𝑗 ∗ 𝑋𝑗)
𝑛
𝐽=1
− ∑(𝑀𝑗 ∗ 𝑋𝑗)
𝑛
𝐽=1
− ∑(𝐺𝑗 ∗ 𝑋𝑗)
𝑛
𝐽=1
                  (3) 192 
Subject to: 193 
∑(𝑃𝑗 ∗ 𝑋𝑗)
𝑛
𝐽=1
≤ 𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑓𝑖𝑡                                                             (4) 194 
∑(𝐼 ∗ 𝑋𝑗)
𝑛
𝐽=1
≤ 𝑇𝑜𝑡𝑎𝑙 𝐼𝑛𝑐𝑜𝑚𝑒                                                            (5) 195 
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∑(𝑇𝑗 ∗ 𝑋𝑗)
𝑛
𝐽=1
≤ 𝑇𝑜𝑡𝑎𝑙 𝑇𝑎𝑥                                                                  (6) 196 
∑(𝑀𝑗 ∗ 𝑋𝑗)
𝑛
𝐽=1
≤ 𝑇𝑜𝑡𝑎𝑙 𝐼𝑚𝑝𝑜𝑟𝑡                                                          (7) 197 
∑(𝐺𝑗 ∗ 𝑋𝑗)
𝑛
𝐽=1
≤ 𝑇𝑜𝑡𝑎𝑙𝐺𝐻𝐺 ∗ 𝜀                                                            (8) 198 
𝑋𝐿𝐵j ≤ Xj ≤ 𝑋
𝑈𝐵
j for j = 1,2, … , n                                                           (9) 199 
𝐺𝐿𝐵j ≤ Gj ≤ 𝐺
𝑈𝐵
j for j = 1,2, … , n                                                           (10) 200 
The objective function consists of five objectives as follows: 201 
 Maximizing total profit 202 
 Maximizing total income 203 
 Maximizing total tax 204 
 Minimizing total import 205 
 Minimizing total GHG emissions 206 
The first four constraints (Eq. 4, 5, 6 and 7) are the allocation constraints for the indicators such as profit, 207 
income, tax and import, respectively. The fifth constraint (Eq. 9) limits the total GHG emissions allocation 208 
of sectors to the current total multiplied by the GHG emissions’ reduction coefficient (0 ≤ ε ≤ 1). The last 209 
two constraints (Eq. 9 and 10) consist of the lower and upper bounds of the decision variables for optimal 210 
economic use and GHG multiplier, where the upper bound is the actual value and the lower bound is 211 
determined by the selected reduction strategy (see Table IV for 16 GHG reduction strategies). 212 
3.3. Data collection and experimental setup 213 
Data were obtained by using EIO-LCA framework that quantifies the direct and indirect environmental and 214 
economic impacts associated with the U.S. building sectors (CMU, 2002). Three categories of buildings 215 
sector are studied, namely; residential, commercial and industrial buildings. Residential, commercial, and 216 
industrial buildings consists of 189, 177, and 137 industries in their supply chains, respectively. Table II 217 
illustrates an example for residential building construction industry. For instance, related to residential 218 
building construction industry, there are 189 sectors with different amount of economic outputs in the 219 
supply chain, which provides the residential construction industry’s tangible and intangible inputs. Sector 220 
1, abrasive product manufacturing, indicates a total of 69.6 M$ economic activity. Due to this economic 221 
activity, a total of 98 M$ economic activity occurs in the supply chain of abrasive product manufacturing. 222 
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Therefore, by multiplying the GHG emissions per M$ economic activity (so called GHG multiplier) with 223 
the economic output, an individual sector’s total (onsite plus supply chain related) GHG emissions are 224 
quantified. Same logic is also applied to all remaining industries in the supply chain which will yield the 225 
total GHG emissions associated with residential buildings. 226 
In terms of experimental setup, four main overall GHG reduction strategies are implemented, namely: 10%, 227 
25%, 50% and 75% reduction in the total GHG emissions (onsite + supply chain industries). The MILP 228 
model simply finds the optimal reduction percentages in GHG emissions for each industry in the supply 229 
chains by either reducing the GHG multiplier, or the economic output or both. This holistic focus is assumed 230 
due to the inherent interest of studying the impact of economic output and GHG multipliers together on 231 
GHG reduction. Therefore, four reduction percentages are also used for the GHG multipliers and economic 232 
outputs individually: 10%, 25%, 50% and 75%. Therefore, for each building category, a total of 4x4x4=64 233 
cases are experimented. Therefore, a total of 192 scenarios are run with the MILP model for all three 234 
building categories as summarized in Table 3. As mentioned before, there are three buildings category in 235 
this research where 64 scenarios for each building category so that a total of 192 scenarios analyzed as 236 
shown in Table III. Each scenario is run with the proposed MILP model. Then, the results of all scenarios 237 
were combined in order to calculate the mean and standard deviation of GHG reduction requirements (in 238 
%s). The process of obtaining the means and standard deviations were explained in the following result and 239 
discussion section. 240 
Table 2. Residential building construction industry and its supply chain industries 241 
Building 
Category 
ID Sectors 
Total 
Economic 
Output 
Industry 
Economic 
Output 
GHG Emissions 
(t CO2-eqv / 
$M) 
Scenarios 
 
Residential 
 
1 
 
 
 
 
 
 
189 
 
Abrasive product 
manufacturing 
 
 
 
 
 
Wood windows 
and doors and 
millwork 
 
98 $M 
 
69.6 $M 
 
0.71 
 
Scenario 1,2,…16 
*See Appendix for more detailed information 242 
  243 
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Table 3. Overview of Experimental Setup for Residential, Commercial and Industrial Buildings 244 
Building 
Category 
ID Sectors 
10 % Overall 
GHG 
Reduction 
25 % Overall 
GHG 
Reduction 
50 % Overall 
GHG 
Reduction 
75 % Overall 
GHG 
Reduction 
 
Residential 
Buildings 
 
 
1 
 
 
 
 
189 
 
Abrasive product 
manufacturing 
 
 
 
Wood windows and 
doors and millwork 
 
 
 
 
16 scenarios 
 
 
 
 
 
16 scenarios 
 
 
 
 
 
16 scenarios 
 
 
 
 
 
16 scenarios 
 
Commercial 
Buildings 
 
 
1 
 
 
 
 
177 
 
Electric power 
generation, 
transmission, and 
distribution 
 
 
Other information 
services 
 
 
 
 
16 scenarios 
 
 
 
 
 
16 scenarios 
 
 
 
 
 
16 scenarios 
 
 
 
 
 
16 scenarios 
 
Industrial 
Buildings 
 
1 
 
 
 
 
137 
 
Lighting fixture 
manufacturing 
 
 
 
Spectator sports 
 
 
 
16 scenarios 
 
 
 
 
16 scenarios 
 
 
 
 
16 scenarios 
 
 
 
 
16 scenarios 
 
*See Appendix for more detailed information 245 
4. Results 246 
The optimal GHG reduction (%) results of the three building categories (namely residential, commercial 247 
and industrial buildings) are presented based on the mean and standard deviation of the major responsible 248 
sectors in the supply chains for each building category. The most responsible top 20 sectors are highlighted 249 
in the results section.  250 
4.1. Overall GHG reduction policy strategies 251 
As the final step of the analysis, the mean and standard deviation of all scenarios were obtained by taking 252 
the top 20 majorly responsible sectors in each building construction industry category. Table IV shows an 253 
example about the process of how obtain the mean and standard deviation of 10% overall GHG reduction 254 
policy results. For instance, sector 1 (ready-mix concrete manufacturing) is required to achieve the highest 255 
% reduction of GHG according to the 1st scenario, whereas cement manufacturing required to have 39% 256 
GHG reduction in its processes in scenario 16. The mean and standard deviation of the % reduction of these 257 
scenarios were then calculated (in this example, mean: 27% and std. dev.:10.3%). The same process is 258 
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applied to the cases of commercial and industrial building construction industries. The results of the 259 
remaining cases are given in the following sub-sections.  260 
 Table 4. Obtaining the Average and Standard Deviation for 10% Overall GHG Reduction 261 
Building 
Category 
ID Scenario 1 
% 
Reduction 
… Scenario 16 
% 
Reduction 
AVG SD 
 
Residential 
Buildings 
 
 
1 
.. 
.. 
.. 
.. 
189 
 
Ready-mix 
concrete 
manufacturing 
.. 
.. 
Reconstituted 
wood product 
manufacturing 
 
 
13% 
.. 
.. 
.. 
.. 
.. 
 
… 
… 
… 
… 
… 
… 
… 
… 
 
 
Cement 
manufacturing 
.. 
.. 
.. 
.. 
.. 
Paper mills 
 
 
39% 
.. 
.. 
.. 
.. 
.. 
 
 
27% 
.. 
.. 
.. 
.. 
.. 
 
 
 
10.3% 
.. 
.. 
.. 
.. 
.. 
 262 
 263 
4.1.1. Residential building construction industry 264 
In this section, the results of residential buildings case are provided. The results of the top 20 sectors with 265 
the highest GHG reduction requirement are illustrated in figures 2, 3, 4 and 5 where ach represents an 266 
overall GHG reduction policy, namely 10%, 25%, 50% and 75%. Figure 2 shows the 10% overall GHG 267 
reduction and indicates that the highest contributor sector to the overall GHG is Ready-mix concrete 268 
manufacturing which requires an average of 27% reduction in its GHG emissions, which is followed by 269 
petroleum refineries with 16% reduction, electric power generation, transmission, distribution and truck 270 
transportation with the average of 13% and 8% respectively. Cement manufacturing contributes on the 271 
average of 5% higher than retail manufacturing and lime and gypsum product manufacturing. Although it 272 
was expected that plastic product manufacturing and fertilizer manufacturing would contribute a higher 273 
percentage reduced in the analysis, it only resulted in 3% and 2% reduction requirements, respectively, 274 
which are significantly lower than ready-mix concrete manufacturing. Asphalt paving mixture and block 275 
manufacturing required 1% reduction on the average, which is the same as for sawmills and wood 276 
preservation and concrete pipe, brick and block manufacturing. 277 
13 
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contributing sectors or GHG sinks in buildings’ supply chains is a critical way to reduce overall GHG 309 
emissions impact. All in all, “Ready-mix concrete manufacturing”, “Petroleum refineries” and “Electric 310 
power generation, transmission and distribution” sectors are found to be the most affected sectors in the 311 
supply chains of the residential building infrastructures (see Figure 6 for average and standard deviation of 312 
% reduction requirements in their individual industrial activities – average and standard deviation based on 313 
the 64 scenarios’ results).  314 
As commercial buildings keep on growing, sectors that support the industry are also affected by the 315 
development. There is a need to thoroughly monitor the sectors that contribute the most GHG emissions in 316 
commercial buildings as indicated in Figure 6. “Electric power generation, transmission and distribution” 317 
sector are found to have the highest average GHG reduction of 15% while “Petroleum refineries” and “Plate 318 
work and fabricated structural product manufacturing sector” accounted for 11% and 9%, GHG reductions 319 
respectively. The “Electric power generation, transmission and distribution” sector appeared as the top 320 
responsible sector twice in both commercial and residential building structures’ supply chains. This 321 
indicates that clean and renewable energy production is up-most critical for achieving sustainable climate 322 
change policy making, which is also in parallel with the President’s climate act plan. 323 
The most responsible sectors in the industrial building structures supply chains are found to be “Petroleum 324 
refineries”, “lighting fixture manufacturing” and “Other purpose machinery manufacturing” as shown in 325 
Figure 6. Again, it is evident that “petroleum refineries” sector appeared to be the most affected sector in 326 
the overall GHG impact for industrial and commercial buildings. The same conditions like “Electric power 327 
generation, transmission and distribution” and “Petroleum refineries” also need to be highly monitored in 328 
term its usage in order to limit the release of GHG emissions. 329 
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Figure 6. Most responsible GHG pollutant sectors in the supply chains with reduction % requirements 334 
 335 
Combining these sectors overall, it is indicated that six sectors appeared to be very critical in terms of GHG 336 
reduction across the supply chains. Those sectors are found to be as “Electric power generation, 337 
transmission and distribution”(24%), Petroleum refineries”(23%), “Ready-mix concrete 338 
manufacturing”(19%), “Plate work and fabricated structural product manufacturing”(9%), “Lighting 339 
fixture manufacturing”(27%) and “Other general purpose machinery manufacturing”(16%) (See Figure 8). 340 
As discussed previously, the aforementioned sectors appeared repeatedly in all buildings structures and it 341 
shows that these sectors are the GHG emissions sinks in the supply chains of the building structures. 342 
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many other industries (Power generation was the top driver). Furthermore, the “lighting fixture 363 
manufacturing” sector was identified as one of the most responsible sectors for GHG reduction for the 364 
industrial building construction industry and its supply chains. 50% reduction policy necessitates the 365 
lighting fixture manufacturing sector to reduce its GHG impact by 19% as the top driver industry. All in 366 
all, ready-mix concrete manufacturing, electric power generation, transmission and distribution, and 367 
lighting fixture manufacturing sectors generally found to be the heaviest GHG emitter (carbon intensive) 368 
industries in the supply chains.  369 
In terms of practical implications, input output extended LCA needs to be integrated into the building 370 
construction projects as a requirement. Most of the regions in the U.S. are now in a transition process from 371 
using fossil fuels in electricity production to the renewable alternatives. However, in most of the green 372 
building initiatives, input-output extended or hybrid LCA models are not typically used, instead process 373 
LCA methodology is preferred, which could cause up to 50% truncation errors in estimating the total life 374 
cycle impacts. The main policy-related output of this study is that petroleum refineries, power generation 375 
and lighting fixture manufacturing industries are responsible for about 23% to 27% of the total GHG 376 
impacts in the supply chains. The decision making in terms of construction-related expenses from suppliers 377 
(especially the raw materials supplied by petroleum, lighting fixture manufacturing industries and other 378 
significant pollutant industries), and type of electricity (renewable or nonrenewable) to be used needs to be 379 
regulated and evaluated by stakeholders and these impacts need to be addressed in construction project 380 
plans of commercial, industrial and residential buildings. In residential building policy making, currently 381 
building code programs are being applied and majority of coastal states in the U.S. are highly responsive 382 
to the policy making agenda. However, the coding system needs to be aligned with the region’s renewable 383 
energy production ratio. For instance, regions that need more renewable energy need to require higher level 384 
of coding in terms of energy efficiency. Additionally, raw material extraction phases need to be integrated 385 
into a similar coding system as well so that construction companies will tend to use resources that require 386 
less transportation and are more local to support local communities, socio-economic improvement in local 387 
regions. 388 
Even though current research addresses an important paradigm shifting in policy making, several future 389 
directions still exist. First of all, manufacturing industries supply chain-linked optimized carbon footprint 390 
reduction policy making is another important topic of study left as future work. Additionally, integration of 391 
non-linear stochastic mixed integer programming models could provide results with percent ranges, which 392 
can be coupled with Monte Carlo simulation. The application area of the proposed integrated approach can 393 
be broadened by considering the global supply chains and other problem domains such as transportation, 394 
logistics, final consumption, etc. 395 
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Appendix 396 
The appendix file is provided via the following link: 397 
https://drive.google.com/file/d/0B7oO7uor7BuxZVQwcE1YZFlwdmM/view?usp=sharing 398 
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